Abstract: New telechelic poly(butylene terephthalate) (PBT) ionomers, characterized by the presence of some aliphatic sulfonated chain ends, were prepared by reaction with the 1,4-butane sultone. Two methods of synthesis were compared and the final polymers, containing different percentages of ionic groups, were characterized, with particular attention to the thermal properties. Thermogravimetric analysis shows that the presence of ionic groups does not modify the thermal stability of PBT. The differential scanning calorimetry indicates that the crystalline phase and the crystallinity degree of PBT do not change in the presence of ionic chain ends, whereas the crystallization rate was found to be strongly modified. The ionomers crystallize at very high rate, due to the nucleating effect of the ionic aggregations formed in the melt.
Introduction
Ionomers are an important class of polymers characterized by the presence of low concentrations, less than 10 mol%, of covalently bonded ionic substituents which have consistent effects on the final physical and rheological properties [1] [2] [3] [4] [5] . Indeed, with respect to the nonionic analogues, ionomers exhibit notable improvements in thermal and mechanical performance, generally attributed to the formation of ionic aggregates, which retard the translation mobility of polymeric chains and cause an increment in melt viscosity.
Most investigations have focused on random ionomers, in which ionic groups are randomly distributed as pendant groups along the polymer chains. The morphology of these materials is characterized by a multiphase structure, not perfectly controlled, where ionic regions in the form of multiplets or larger aggregates (clusters) are present. However, the ionic associations tend to be prevented by entanglements of the main polymeric backbone and thus the characterization of the supermolecular architecture and the structure-property relationships are sometimes a little ambiguous.
On the other hand, there are significantly few studies concerning telechelic ionomers, which are characterized by ionic groups located only at the polymer chain ends [6] [7] [8] . In this case, the ionic associations, occurring only at the terminals, are not impeded by entanglements of the main chains and give rise to an electrostatic chain extension: thus, the microstructure is found to be better defined. As a result, the correlation between structure and properties is simplified.
In the light of these observations, it would be of extreme significance to find a simple way to prepare telechelic ionomers starting from some important polymers, such as the poly(alkylene terephthalate)s, which are polyesters of great interest for both fundamental research and industrial applications.
Various methods are reported in the literature for the synthesis of poly(alkylene terephthalate) ionomers, in particular for the preparation of telechelic poly(ethylene terephthalate) and poly(butylene terephthalate) (PET-I and PBT-I). Kang et al. [6] used melt polymerization in the presence of sodium 3-sulfobenzoate to prepare telechelic PET-I. Recently we reported the synthesis of telechelic PET-I by reactive blending PET and the sodium salt of n-butyl 2-sulfobenzoate [9, 10] . Brunelle et al. [11] prepared telechelic PBT-I by means of a melt polymerization process, consisting in a preliminary reaction between 1,4-butanediol (BD) and sodium 3-sulfobenzoate to form a hydroxyl sulfoaromatic carboxylate ester salt. This salt was further reacted with dimethyl terephthalate (DMT) and BD in the presence of a transesterification catalyst to form telechelic PBT-I.
In all these examples the ionic moieties have the sodium sulfonate group linked to a rigid aromatic ring. However, it would also be interesting to prepare telechelic ionomers with aliphatic ionic terminal groups and this is the purpose of this paper. To introduce aliphatic sulfonated groups we use the 1,4-butane sultone, which is a commercial product, able to undergo a nucleophilic attack. Indeed, many uses of sultones have been described in literature. For example, sultones can react by nucleophilic route with the nitrogen of amino groups to derivatize poly(aniline)s and poly(urethane)s; the sulfo-alkyl group improves hydrophilicity and thereby the aqueous solubility of a variety of compounds such as dyes, nucleosides, proteins and polymers [12] [13] [14] [15] .
Analogously, the sultones are used to quaternize the nitrogen in tertiary amines and to produce zwitterionic polymers, especially poly(sulfobetaine)s: the quaternization can occur both on amine monomer [16] and on polymers containing pendant amino groups. Examples of poly(sulfobetaine)s derived from poly(ethylene oxide)s [17] , styrene-N,N'-dimethylaminopropyl copolymers [18, 19] , poly(methacrilamide)s [20, 21] , poly(urethane)s [22] are described.
Moreover, the reactions between sultones and pendant oxyhydrilic groups in poly(ether sulfone)s [23] [24] [25] , poly(ether ketone)s [26] , poly(vinyl alcohol)s [27, 28] , and poly(ethylene oxide)s [29] have been reported to prepare membranes used for high-performance polymer electrolytes for fuel cells, to improve the biocompatibility of biomaterials, and to alter dielectric properties and ionic conductivity. Lastly, sultones can be utilized as terminating agent for the living chains in anionic polymerization [30] . In this case the polymer is characterized by sulfonated groups located only at the chain ends. Following this concept, telechelic polymers can be obtained from a bifunctional initiator by the termination of the macroanions with an electrophilic reagent. Telechelic polymer synthesis by end-functionalization is most commonly achieved from monomers such as styrene, dienes, and heterocyclic monomers, because living anionic polymerization conditions are relatively easy to obtain for these monomers [31, 32] .
To the best of our knowledge, the use of sultones to prepare modified poly(alkylene terephthalate)s is reported only in a few Japanese patents where the inventors obtained PET-Is with low crystallinity [33] or good dyeability [34, 35] . However, no studies are reported on the synthesis and characterization of telechelic PBT-Is analogues. Therefore, in this paper we try to optimize the preparation of new PBT ionomers containing some aliphatic ionic ends by using the 1,4-butane sultone. We also study the effect of the flexible alkyl chains, terminated with sulfonated moieties, on the thermal properties of PBT.
Results and discussion

Study of the reactivity of 1,4-butane sultone
Some preliminary studies on the reactivity of 1,4-butane sultone (BS) were carried out in order to establish the best conditions for the synthesis of the telechelic PBT. Scheme 1a describes the direct reaction between 1,4-butane sultone and 1,4-butanediol (BD). A large excess of diol was used in order to favour the reaction of only one -OH group per BD molecule. However the reaction was not successful: the amount of BDSA produced was very small and the formation of tetrahydrofuran (THF) (30 mol% with respect to the initial BD) was observed.
This result suggests that the sulfonated acid group in BDSA, derived from the attack of the hydroxyl group on BS, favours the conversion of BD to THF. Indeed, it is well known that the formation of THF is catalyzed by strong acids [36] .
To overcome this problem, the synthesis was tried under basic conditions, as shown in Scheme 1b. BD and Na 2 CO 3 , used as basic agent, in molar ratio of 10 to 1, were kept at room temperature over 1 hour. The unreacted BD was distilled off and BS was added. The BDSS obtained was purified by precipitation and the structure confirmed by mass spectrometry, IR and NMR spectroscopies, as described in the experimental part.
In particular, Figure 1 reports the HSQC (Heteronuclear Single Quantum Coherence) spectrum of BDSS. On the 1 H NMR spectrum (x axis) the attribution of the signals to the protons is reported, identifying each proton by the letter of the carbon to which it is bonded. On the y axis, the 13 C NMR spectrum is shown. The spots in the figure, deriving from the correlations between the two NMR spectra, allow the carbon identity to be established. The analysis confirms the expected structure. The detailed characterization is specified in the experimental part.
Synthesis of PBT-ionomers
The previous result suggests that the preparation of ionomers starting from 1,4-butane sultone requires basic conditions. Moreover, in order to find the best reaction conditions, the melt polymerization processes were performed following two general a b methods: i) two-step method, described in Scheme 2, ii) one-step method, described in Scheme 3. The two-step method consists of a preliminary step where a large excess of BD was mixed with a strong base (Na 2 CO 3 ) for 45 minutes at 130 °C to form the corresponding alcoholate. Then BS was added and the reaction was carried out at 130 °C for 1 hour. Afterwards the polymerization was carried out adding BD, dimethyl terephthalate (DMT), the catalyst and following the usual procedure described in the experimental part. The reaction mixture was found to be homogeneous; the final polymer melt is transparent and clear; after extraction from the reactor it crystallizes during the cooling.
One-step polymerization (Scheme 3) consists of mixing all reagents simultaneously: BD, DMT, BS in the presence of a strong base (Na 2 CO 3 ), at 215 °C for 1 hour and, later, the catalyst TBT at 180 °C. The reaction was carried out for 30 minutes at 215 °C and subsequently polymerization was performed following the usual procedure. This method may be particularly interesting from an industrial point of view, because the typical process for PBT synthesis is only slightly modified. The ionomeric polymers, obtained using both methods, are called PBT-Ix, where x is a number indicating the feed mole percentage of BS monomer, and are listed in Table 1 .
The two procedures were applied for the synthesis of the ionomer containing 5 mol % of sulfonated end groups, as described in the experimental part. The characteristics of the two final polymers are reported in Table 1 , where the ionomers are called PBT-I5'' and PBT-I5', respectively. By comparing the characteristics of the two PBT-I5 ionomers, it is evident that the two-step method produces a sample with a slightly higher ionic content. Moreover, during the two-step synthesis the material appears more homogeneous. Therefore, the two-step method seems to be more efficient in properly controlling the reaction conditions. For these reasons we chose to use this procedure to prepare the PBT-I2 sample, with theoretical ionic content equal to 2 mol%. The sample characteristics are collected in Table 1 . A commercial PBT sample was also included in Table 1 as a reference, useful for discussing the final properties of the ionic polyesters. The percentages of ionic content, reported in Table 1 , are calculated considering the ratio between the area of the signal centred at 3.1 ppm, related to the methylene protons bonded to the sulfonate group (protons labelled a), and the area of the signal centred at 4.5 ppm, due to the methylene protons adjacent to the ester group of the repeating unit (protons labelled 2). As a result, the ionic content varies from 1.0 to 4.4 mol% in the crude polymers. After the purification process, the samples lose a certain amount of ionic groups, not bonded to the polymeric chains or bonded to the oligomers. Thus, the ionic content decreases to 0.97 and 3.6 mol%, respectively.
Both crude and purified PBT-I5'' spectra show two peaks, marked with stars and centred at 4.0 and 3.9 ppm, corresponding to the signals of methyl ester and hydroxy methylene end-groups respectively. It is notable that in the purified PBT-I5'' the two peaks, due to the end-groups, decrease in intensity, because of the loss of oligomers after the purification process.
In accordance with the literature [37] , the intrinsic viscosities [ ] were measured on the purified samples in the presence of a salt (benzyltriethylammonium chloride) in order to prevent ionic aggregations between chains in solution, which can induce an overestimation of the molecular weight. All the polymers were found to have similar viscosity values, varying from 0.62 to 0.77 dL/g.
Thermal analysis
A thermal analysis was performed in order to observe whether the presence of a small quantity of flexible alkyl chains with sulfonate units as chain ends can influence the thermal behaviour of PBT.
Thermal and oxidative stabilities were investigated by thermogravimetric (TGA) analysis carried out in nitrogen and in air atmospheres. The temperatures of the weight loss of 5% (T 5% ) and the temperatures of the maximum rate of weight loss (T max ), calculated as the temperature of the peaks of the differential thermogravimetric curves, are summarized in Table 2 . T 5% were found to be some degrees lower for the ionomers than for PBT, depending on the ionic content. This indicates that the degradation process begins some degrees before in the presence of ionic groups. However, after this initial behaviour the degradation curves of PBT and ionomers become very similar, as is shown by comparing the T max values. Indeed, all the samples show a very similar degradation rate, independently of the ionomer content, both in air and in nitrogen atmospheres.
Tab. 2.
Results of the thermal analysis on PBT samples.
Sample
T 5% in air (°C) 383  415  384  418  181  48  225  45  PBT-I2  377  417  376  415  194  45  225  47  PBT-I5''  368  417  372  420  194  49  219 Therefore, it is noteworthy that all the ionomers retain the thermal stability of PBT up to temperatures exceeding ca. 250 °C and, thus, the presence of ionic groups does not drastically reduce the stability of the material.
DSC analysis was performed both in nonisothermal and isothermal conditions. Table  2 reports the crystallization temperatures (T CC ) and enthalpies (ΔH CC ) obtained during the cooling scan from the melt at 20 °C/min. It is evident that the ionomers show a crystallization process shifted to a temperature about 13 °C higher than PBT. This result is a clear indication that the presence of ionic groups has a great influence on the crystallization process of PBT, even if the effect of the ionic amount is not evident.
With regard to the melting process, the melting temperatures (T m ) and enthalpies (ΔH m ) of the ionomers are very similar to those of PBT, suggesting that the presence of ionic chain ends does not change the crystal perfection and the crystallinity degree of PBT. A similar DSC nonisothermal analysis performed on telechelic PET [6] produced a decrement of T m of about 30 °C for 5 mol% of ionic groups. However, these PET ionic samples are characterized by a considerable decrement of molecular weight by increasing the ionic content and are therefore not exactly comparable with our PBT samples, which maintain the same chain length. In any case, the authors observed that all the telechelic PET ionomers exhibit a similar heat of fusion, indicating that the terminal ionic aggregations do not influence the level of crystallinity. It is likely that the ionic chain ends do not disturb the PBT or PET crystal perfection because they are excluded from the lattice, due to their presence only at the chain terminals. On the other hand, random sulfonated PBT samples show a considerable decrease of crystallinity level with an increase in the ionic content [38] . In this case, the relatively large ionic structures, located randomly along the polymeric chains, cannot be accommodated in the PBT crystalline structure.
To quantitatively determine the effect of ionic aggregations on the crystallization kinetics, isothermal crystallization experiments at different temperatures (T C ) were performed. The T C range investigated for each sample is fairly limited, as is shown in Table 3 . Indeed, the DSC analysis shows some instrumental limitations in studying crystallization processes which occur at rates which are too fast or too slow.
In Table 3 , the corresponding undercooling ΔT=(T m°-T C ) is reported for each T C , where T m° is the equilibrium melting temperature, i.e. the melting temperature of lamellar crystals with an infinite thickness.
To determine T m°, an extrapolative method is used, based on the Hoffman-Weeks equation [39] :
where T m is the experimental melting temperature and is a factor that depends on lamellar thickness. T m° can be obtained from the crossing point of the T m =T C line with the extrapolated T m vs. T C line. This procedure often has a certain indetermination in the final T m° value and its validity is sometimes criticized. However it is commonly used, mainly because of its simplicity. The T m° value found for PBT is 240 °C, according to the literature data [40] . For ionomers, the T m° data are very similar to that of PBT, despite some difficulty in finding the correct slope in the T m vs. T C plot. Therefore, we chose to use the same T m° value for non-ionic and ionic PBT. To compare the crystallization rates, the crystallization half-time (t 1/2 ), defined as the time at which the polymer reaches a crystalline fraction equal to 0.5 at T C , was used. This value was obtained by subtracting the induction time (t 0 ) from the crystallization time, where t 0 is the time span before crystallization begins at T C . In particular, the reciprocal of t 1/2 is proportional to the crystallization rate. ionomers. Only the portions of the crystallization rate curves at low T and high T C , near the melting point, are detectable by DSC and being reported. This figure is very useful in order to give an idea about the crystallization rate of the samples. Indeed, it is clearly shown that the ionomers crystallize at a rate which is notably higher than that of the two PBT samples. In particular, the ionomers show a crystallization rate similar to that of PBT at an undercooling lower than about 15 °C. As the polymer matrix is the same and no evidence of changes in crystalline phase was observed, it may be hypothesized that the ionic chain ends act as promoter of crystallization. They can associate in ionic clusters, which eventually initiate heterogeneous nucleation. The same behaviour is reported in literature for some organic nucleating agent [42] and for PET containing ionomers (sodium salt of ethylene/acrylic acid copolymers with low molar mass) [43] .
Some further information on the overall crystallization process is obtained by analysing the macroscopic development of the polymer crystallinity by equation (2), obtained from the classical theory of Avrami for phase transformation kinetics [44] [45] [46] :
X t is the crystalline fraction and has been calculated from the ratio of the area of the exotherm peak in the DSC thermogram at the time t C and the total area of the crystallization process. k is the overall kinetic constant, t 0 is the induction time. n is an exponent whose value depends on the nucleation process and on the geometry of the crystals. k and n are determined respectively by the intercept and the slope of the straight line obtained in the plot of ln[-ln(1-X t )] versus ln(t-t 0 ) (Avrami plot). For all the samples and for all the T C analysed, the n values vary from 2.8 to 3.2. Such n values indicate that a heterogeneous, athermal nucleation occurs in the melt, when spherulites are assumed to be formed. In other words, the nucleation process is instantaneous. Therefore, the clusters of ionic chain ends must have formed on melting before crystallization and act as crystallization nuclei. There is no evidence that the ionic clusters are produced sporadically in the melt during the crystallization process.
The crystallization behaviour of the new telechelic PBT samples is in contrast with that observed for telechelic PET [6, 10] . For PET-I the ionic aggregations present in the melt cause an increment of the melt viscosity and decrease the crystallization rate, acting as chain extensors. The different result obtained here could be attributed either to the higher crystallization rate of PBT with respect to PET or to the presence in PBT of terminal alkyl chains bonded to the ionic groups. Both these factors could be responsible for the lower tendency to cluster improving the viscosity in the melt and decrease in the chain movements.
Conclusions
In this paper we confirm the possibility of using sultones for the preparation of telechelic PBT. This method has so far been reported in only a few patents for PET.
For the preparation of the new telechelic PBT samples, 1,4-butane sultone was used and some ionic, aliphatic terminal groups were inserted in the polyester chains. The synthesis was optimized using basic conditions, to avoid the THF formation, and by comparing two different procedures.
The ionomers obtained were characterized by 1 H NMR to determine the real ionic content. Moreover, they were found to have similar intrinsic viscosities and are thus suitable to be compared by thermal analysis techniques. It is notable that the presence of ionic groups does not change the thermal stability of PBT. Moreover, from DSC analysis the crystal perfection and the crystallinity level are not modified by the presence of terminal ionic groups, probably because they are completely excluded from the crystalline lattice. The crystallization behaviour, instead, changes radically in the presence of ionic ends: the ionomers crystallize at much higher rate than PBT. This is due to a strong nucleating effect of the ionic aggregations which are formed in the melt. This effect prevails on the increment of melt viscosity observed in literature for telechelic PET and can be due to the higher mobility of PBT chains and/or to the presence of aliphatic groups, instead of aromatic groups, as chain ends.
Experimental part
Materials
Poly(butylene terephthalate) (PBT) (M w = 47700, M w /M n = 2.4) was a commercial product supplied by General Electric. 1,4-Butane sultone (BS) (from Aldrich), 1,4-butanediol (BD) (from Aldrich), dimethyl terephthalate (DMT) (from Aldrich), Na 2 CO 3 (from Aldrich), and titanium tetrabutoxide (TBT) (from Merck) were used as received. The solvents used were reagent grade and no further purification was done.
Study of the reactivity of 1,4-butane sultone
Reaction between 1,4-butanediol (BD) and 1,4-butane sultone (BS): synthesis of 4-(4-hydroxybutoxy)butane-1-sulfonic acid (BDSA) (Scheme 1a)
A 100 ml round-bottomed flask, equipped with an oil bath, a refrigerator column, and a magnetic stirrer, was filled with 4.51 g (50.0 mmol) of BD and 1.36 g (10.0 mmol) of BS. The mixture was stirred and heated at 140 °C over 2 hours. The crude product was analysed by NMR spectroscopy, which showed the presence of BDSA and THF.
Reaction between BD and BS: synthesis of 4-(4-hydroxybutoxy)butane-1-sulfonic acid sodium salt (BDSS) (Scheme 1b) A 100 ml round-bottomed flask, equipped with a CaCl 2 valve, an oil bath, and magnetic stirrer, was filled with 13.6 g (100 mmol) of BD and 1.03 g (9.70 mmol) of Na 2 CO 3 , added portion wise. The reaction was mixed at room temperature for 1 hour and subsequently the unreacted BD was distilled off under vacuum. 
Preparation of sulfonated PBT samples.
The syntheses were performed following the two general methods reported below: i) two-step method: reaction between BS and BD in the presence of Na 2 CO 3 as base, followed by the addition of the DMT and titanium tetrabutoxide (TBT) as transesterification catalyst. Then the usual procedure for the PBT synthesis was followed [47] (Scheme 2); ii) one-step method: melt polymerization process where BS, BD, Na 2 CO 3 , and DMT were mixed in the presence of TBT. Then the usual procedure for the PBT synthesis was followed [47] (Scheme 3).
Typical procedure of the two-step method: synthesis of PBTI-5'' (Scheme 2)
6.83 g (0.758 mol) of BD and 0.803 g (7.58·10 -3 mol) of Na 2 CO 3 were placed in a glass reactor, equipped with a stirrer, a temperature programmer, a vacuum controller and a torque meter. The reaction mixture was mixed at 130 °C for 45 min. 2.06 g (1.52·10 -2 mol) of BS were placed in a glass reactor and the reaction was heated at 130 °C over 1 hour. Then in the second step at 180 °C, 34.1 g (0.379 mol) of BD, 58.8 g (0.303 mol) of DMT and 5.45·10 -2 g (0.160 mmol) of TBT were added to the mixture. Then the reaction was stirred at 215 °C over 1 h, while the MeOH was distilled away. The reaction was heated from 215 to 245 °C over 20 minutes while the pressure was gradually reduced to 0.2 mbar. The final product was collected after 2 hours and dried at 80 °C in vacuum for 24 h. Before the molecular and thermal characterizations, the ionomer under investigation was purified by dissolution in chloroform/1,1,1,3,3,3-hexafluoro-2-propanol mixture (80/20 v/v) and following precipitation in methanol. The polymer was then recovered by filtration and kept in a vacuum oven at 100 °C overnight in order to remove the residual solvent.
Typical procedure of the one-step method: synthesis of PBTI-5' (Scheme 3)
35.0 g (0.388 mol) of BD, 0.771 g (7.27·10 -3 mol) of Na 2 CO 3 , 1.65 g (1.21·10 -2 mol) of BS, 47.1 g (0.242 mol) of DMT were placed in a glass reactor, equipped with a stirrer, a temperature programmer, a vacuum controller and a torque meter. The reagents were mechanically stirred at 215 °C over 1 hour. Then the temperature was decreased to 180 °C and 4.32·10 -2 g (0.127 mmol) of TBT catalyst were added to the reactor. The reaction mixture was stirred at 215 °C over 30 minutes, while the MeOH were distilled off, then it was heated from 215 to 245 °C over 20 minutes while the pressure was gradually reduced to 1.5 mbar. The final product was collected after 2 hours and dried at 80 °C in vacuum for 24 h. Before the molecular and thermal characterizations, the ionomer under investigation was purified by dissolution in chloroform/1,1,1,3,3,3-hexafluoro-2-propanol mixture (80/20 v/v) and precipitated in methanol. Then the polymer was recovered by filtration and kept in a vacuum oven at 100 °C overnight in order to remove the residual solvent.
Molecular characterization
Attenuated total reflection infrared (ATR-IR) spectra were recorded by a Perkin-Elmer Spectrum One FT-IR spectrometer. 1 H NMR and 13 C NMR spectra were recorded with a Varian Mercury 400 spectrometer, the proton frequency being 400 MHz and 13 C frequency 100 MHz. HSQC (Heteronuclear Single Quantum Coherence) spectra were recorded using the same apparatus. The chemical shifts were determined with respect to the tetramethylsilane at = 0 ppm for protons. The samples were dissolved in CDCl 3 /CF 3 COOD (80/20 vol%) or in dimethyl sulfoxide-d 6 (DMSO-d 6 ).
The viscosities were measured at 25 °C with an Ubbelhode viscosimeter using a 0.05 M solution of benzyltriethylammonium chloride in 1,1,2,2-tetrachloroethane/phenol 60/40 wt/wt. Intrinsic viscosities were calculated on the basis of viscosity measurements of dilute solutions (at least four different concentrations for each sample).
The MS analysis was performed using a Waters Micromass ZQ 4000 quadrupole mass spectrometer system, equipped with an electrospray ionization (ESI) source operated in negative-ion mode.
Thermal analysis
Thermogravimetric analysis (TGA) was performed by a Perkin Elmer TGA-7 analyser. Experiments were carried out on samples of about 5 mg, under nitrogen and air atmospheres (gas flow 40 mL/min), at the heating rate of 10 °C/min from 50 °C to 900 °C.
Differential scanning calorimetry was performed by a Perkin Elmer DSC-7, calibrated with high purity standards. The measurements were performed under nitrogen flow. In order to cancel the previous thermal history, the samples (10 mg) were heated from 0 °C to 250 °C at 20 °C/min and kept at this temperature for 1 min. Then they were cooled to 0 °C at 20 °C/min and heated to 250 °C at 10 °C/min (second scan). During the cooling scan crystallization temperature (T CC ) and enthalpy ( H CC ) were measured and during the second heating scan melting temperature (T m ) and enthalpy ( H m ) were determined.
Isothermal crystallization experiments were performed as follows: melting at 250 °C for 1 min, fast cooling to the selected crystallization temperature T c , isotherm at T c for a time long enough to complete the crystallization process, and heating at 10 °C/min to 250 °C in order to observe the melting process. To determine the equilibrium melting temperature (T m°) , the isothermal crystallization experiments were performed at T c for short periods, in order to reach low levels of crystallinity. The subsequent melting processes were carried out at 10 °C/min to determine the experimental melting temperatures used for the extrapolation procedures.
